Abstract. The detection of the diffuse supernova neutrino background (DSNB) will preciously contribute to gauge the properties of the core-collapse supernova population. We estimate the DSNB event rate in the next-generation neutrino detectors, Hyper-Kamiokande enriched with Gadolinium, JUNO, and DUNE. The determination of the supernova unknowns through the DSNB will be heavily driven by Hyper-Kamiokande, given its higher expected event rate, and complemented by DUNE that will help in reducing the parameters uncertainties. Meanwhile, JUNO will be sensitive to the DSNB signal over the largest energy range. A joint statistical analysis of the expected rates in 20 years of data taking from the above detectors suggests that we will be sensitive to the local supernova rate at most at a 20 − 33% level. A non-zero fraction of supernovae forming black holes will be confirmed at a 90% CL, if the true value of that fraction is 20%. On the other hand, the DSNB events show extremely poor statistical sensitivity to the nuclear equation of state and mass accretion rate of the progenitors forming black holes.
Introduction
A supernova emits about 10 58 neutrinos during its core collapse [1, 2] . The flux of neutrinos coming from all core-collapse supernovae (CC-SN) exploding somewhere in our Universe is dubbed the Diffuse Supernova Neutrino Background (DSNB), see Refs. [2] [3] [4] for recent reviews.
The DSNB is an isotropic and stationary flux whose detection will provide us with a glimpse on the global SN population, paving the way to a new era for neutrino astronomy. In principle, through neutrinos, we may be able to independently constrain the local SN rate, estimate the fraction of SNe evolving into black holes (BH-SN, the otherwise called "failed" SNe), the overall features of the nuclear equation of state (EoS) governing the SN progenitors, the average neutrino emission properties, and possibly the explosion mechanism [5] [6] [7] [8] . The DSNB is also sensitive to the neutrino oscillation physics, especially to the matter effects enhancing the flavor conversion probability [9] [10] [11] [12] .
Recent one-dimensional hydrodynamical SN simulations seem to suggest that the fraction of BH-SNe can reach up to 40% of the whole SN population [13, 14] . Although such results need to be confirmed by self-consistent studies employing multi-dimensional hydrodynamical simulations, they hint towards a fraction of BH-SNe larger than assumed in the past. Those theoretical findings are in agreement with results obtained by direct searches hunting for the disappearance of red supergiants [15] [16] [17] [18] . If confirmed, the existence of a large fraction of BH-SN progenitors will contribute to alleviate the tension between the measured and the theoretically estimated SN rate [19] and enhance the high energy tail of the DSNB energy spectrum.
The DSNB has not been detected yet. The most stringent upper limit has been placed by Super-Kamiokande [20] [21] [22] and is about a factor of two above the current theoretical predictions. The enrichment of Super-Kamiokande with Gadolinium (Gd) [23] [24] [25] [26] is going to drastically enhance the signal-over-background ratio and it is likely to finally lead to the DSNB detection with about a 3 σ significance after 10 years of data taking, see e.g. Ref. [27] .
After the awaited DSNB detection with the Super-Kamiokande-Gd project, future generation neutrino detectors will allow us to explore the DSNB astrophysical unkowns. In fact detectors, such as the water Cherenkov detector Hyper-Kamiokande possibly enriched with Gd [28] and the Jiangmen Underground Neutrino Observatory (JUNO) [29] with liquid scintillator, will be sensitive to the DSNB with large statistics. Slow liquid scintillator detectors have been recently proposed as another promising option to this purpose [30, 31] . While the above detectors will be mainly sensitive to antineutrinos, the upcoming Deep Underground Neutrino Experiment (DUNE) with liquid Argon may detect the DSNB signal in the neutrino channel, although with less statistics [32] .
In this work, for the first time, we explore the statistical chances to constrain some of the SN unknowns through the DSNB neutrinos by taking into account degeneracies of the DSNB signal among the model parameters. The manuscript is organized as follow. In Sec. 2, we introduce the neutrino emission properties for CC-SN and BH-SN progenitors as well as the expected distribution of SNe on cosmological distances, and forecast the expected DSNB signal. In Sec. 3, we outline the features of the next-generation neutrino detectors involved in our analysis (Hyper-Kamiokande with Gd, JUNO, and DUNE) and estimate the expected event rate in each of these detectors. In Sec. 4, the probability of exploring the astrophysical parameters affecting the DSNB, such as the fraction of BH-SN progenitors, the average nuclear equation of state (EoS), the BH-SN mass accretion rate, and the local SN rate are outlined. A generalization of the above analysis is then presented in Sec. 5. In Sec. 6, conclusions on our findings and perspectives are reported. Finally, details on the statistical analysis and degeneracies among the model parameters are discussed in Appendix A.
Diffuse supernova neutrino background
In this Section, we introduce the neutrino emission properties employed to model the CC-SN and BH-SN populations as well as the cosmic SN rate and its uncertainties. After convolving the signal with the relevant flavor conversion physics, the expected DSNB signal is presented.
Neutrino emission properties for core-collapse and failed supernovae
To simulate the entire SN population, we employ the neutrino emission properties from one-dimensional spherically symmetric hydrodynamical simulations of the SN core collapse from the Garching group [2, 33] . In order to investigate the variability of the expected signal as a function of the SN progenitor mass and the nuclear equation of state (EoS) for the standard CC-SN population, we use a set of progenitors with mass 9.6 and 27 M , each progenitor with Lattimer and Swesty EoS with nuclear incompressibility modulus K = 220 MeV (LS220 EoS) [34] and the SFHo hadronic EoS (SFHo EoS) [35] Neutrino luminosities (on the top) and mean energies (on the bottom) in the observer frame as a function of the post-bounce time from 1D spherically symmetric hydrodynamical SN simulations of the progenitors with mass 9.6 (LS220 EoS, in green) and 27 M (with LS220 EoS in blue and SFHo EoS in red, respectively) [2, 33] . The ν e properties are drawn with continuous lines, theν e ones with dashed lines, the ν x = ν µ , ν τ with dotted lines, and theν x with dash-dotted lines.
four models. The BH-SN progenitors are instead modeled through two 40M progenitors: models s40c and s40s7b2c, respectively with "slow" and "fast" black hole formation [2] ; both runs were computed with LS220 EoS, but have different mass accretion rates. In Sec. 2.3, details on the parameterization of the SN population mass range through the above six SN progenitors will be described.
To provide an idea of the variability range of the CC-SN neutrino properties due to the progenitor mass and nuclear EoS dependence, the top panel of Fig. 1 shows the neutrino luminosity L ν β as a function of the post-bounce time for each flavor ν β = ν e ,ν e , ν x andν x (with x = µ, τ ) for the 27M progenitor, with LS220 and SFHo EoS, and the 9.6M CC-SN with LS220 EoS. The bottom panel of Fig. 1 shows the correspondent average neutrino energies E ν β . The neutrino signal in Fig. 1 is divided in three time windows corresponding to the neutronization burst, the accretion phase, and the Kelvin-Helmholtz cooling phase, from left to right respectively. We refer the interested reader to Sec. 2.4.6 of Ref. [2] for a discussion on the EoS dependence of the neutrino emission properties.
For comparison, Fig. 2 shows the neutrino properties as a function of time for the BH-SN cases with the "fast" and "slow" black hole formation rate. The duration of the neutrino signal is quite different between the s40c and s40s7b2c progenitors, and shorter Neutrino luminosities (on the top) and mean energies (on the bottom) in the observer frame as a function of the post-bounce time for 1D spherically symmetric hydrodynamical simulations of a BH-SN progenitor with mass M = 40 M for the fast (s40s7b2c, in blue) and for the slow (s40c, in red) black hole formation cases [2, 33] . The ν e properties are drawn with continuous lines, theν e ones with dashed lines, the ν x = ν µ , ν τ with dash-dotted lines, and theν x with dotted lines.
than the CC-SN cases shown in Fig. 1 because of the sudden black hole formation. While it takes only 0.57 s after bounce for model s40s7b2c to form a black hole (fast BH-SN), the gravitational instability occurs after 2.1 s for the s40c model (slow BH-SN). This is because the collapsing stellar core has a mass accretion rate that is lower after the composition shell interface has passed the stalled shock in the s40c model (see Sec. 2.5 of Ref. [2] for details). The time-dependent differences among the neutrino properties are most prominent for the ν x flavors.
At each time t pb after the core bounce, the neutrino differential flux at a distance d is parametrized as
where φ ν β (E, t pb ) is the neutrino energy distribution [36, 37] 
the pinching factor α β (t pb ) satisfies the following relation
while ξ ν β (t pb ) is a normalization factor ( dE φ ν β (E, t pb ) = 1).
Neutrino flavor conversions
Close to the neutrino-sphere, in the proximity of the neutrino decoupling region, ν-ν interactions are not negligible given the high-neutrino density [2, 38, 39] . While during the neutronization burst, neutrino self-interactions effects are suppressed, fast pairwise conversions as well as ordinary slow ν-ν interactions may affect the later stages of the neutrino signal [2, 38, [40] [41] [42] . Reference [9] presented an estimation of the DSNB which included a full multi-angle study of the neutrino self-interactions. Since ν-ν interactions induce energydependent signatures in the energy spectrum varying with the post-bounce time, any effect due to the dense neutrino medium is averaged out and has a negligible impact on the DSNB [9] . In this paper, we will also neglect any modification of the neutrino fluxes due to fast pairwise conversions [41] [42] [43] [44] . While neutrinos propagate through the SN envelope, they interact with the electron background giving rise to the well known Mikheev-Smirnov-Wolfenstein (MSW) enhanced flavor conversions [45] [46] [47] . For each of the adopted SN progenitor models introduced in Sec. 2.1, we computed the neutrino and antineutrino survival probabilities numerically by solving the neutrino kinetic equations of motion and employing time dependent matter profiles from Ref. [33] . We found that, even for the BH-SN progenitors, flavor conversions in matter are fully adiabatic and are well reproduced by the analytical approximation [12, 48] for both normal (NO) and inverted (IO) mass orderings: where s 12 = sin θ 12 and c 12 = cos θ 12 . The probability P H is the effective jump probability due to the atmospheric mass splitting. Given the value of θ 13 , P H 0 [48] ; while s 2 12 0.297 [49] . Note that if fast conversions should induce flavor equilibration for a certain time window of the neutrino signal then the resulting DSNB will be in between the most extreme cases considered here of MSW effects in NO and IO.
In this work we will assume that the neutrino mass ordering will have been determined from terrestrial experiments at the time of the DSNB detection with the next generation detectors, see e.g. Ref. [50] for a recent review on the topic. Hence, we will only focus on the determination of the astrophysical unknowns affecting the DSNB and assume that the mass ordering is fixed.
Cosmic core-collapse supernova rate
The SN rate describes the redshift (z) and progenitor distribution of the entire core-collapse population. The SN rate is proportional to the star-formation rate (ρ ) through the following relation
where η(M ) is the initial mass function that we assume to follow the Salpeter law (η(M ) ∝ M −2.35 ) [51] . Variations of the DSNB signal due to changes of the Salpeter scaling law within its error bars have been found to induce minimum variations on the predicted DSNB [6] . A piecewise parameterization of the star-formation rate is assumed [52] [53] [54] :
with k = −10, p 1 = 3.4, p 2 = −0.3, and p 3 = −3.5. The local SN rate is normalized such that [55] . Note that the value adopted for the uncertainty in R SN (0) is such that includes most of the estimated local rates from astronomical surveys [53, [55] [56] [57] [58] [59] [60] [61] . In fact the variability range for the local SN rate considered here intrinsically takes into account contributions from BH-SNe and CC-SNe.
The SN rate includes the fraction of CC-and BH-SNe. To that purpose, we define the fraction of BH-SNe as 
-f BH−SN = 41%. This is based on the findings of Ref. [14, 65] and it is still well within the observational constraints [15] . It represents our most optimistic case for the DSNB detection as it will be clear from the next Section. The progenitor mass distribution has been modeled by assuming the 9.6M signal as benchmark for the progenitors in the range [8M , 15M ], and the 40M signal as reference for the BH-SN progenitors with M > 15M .
Concerning the last scenario, BH-SN progenitors with M > 15M may have a neutrino signal slightly different than the one of the 40M progenitor adopted here as well as they might greatly differ on their accretion rate. However, given the lack of BH-SN models with sophisticated neutrino transport, we here rely on a conservative assumption. Note that f BH−SN could be a function of z. Given the data currently available, such a dependence is very uncertain, see e.g. Ref. [56] . However, we verified that a redshift dependence of f BH−SN along the lines of the one proposed in Ref. [56] would have a negligible impact on the DSNB with respect to the one computed by adopting a constant f BH−SN . 
Expected diffuse supernova neutrino background
The DSNB is defined as
where c is the speed of light, Ω M = 0.3 and Ω Λ = 0.7 are the matter and dark energy cosmic energy densities, and H 0 = 70 km s −1 Mpc −1 [66] , and z max = 5. The neutrino energy E is the energy at the production site at redshift z related to the energy at the Earth by E = E(1 + z). F ν β (E , M ) is the time-integrated energy spectrum for each progenitor mass M . Figure 3 shows the predicted DSNB as a function of the neutrino energy for ν e on the left andν e on the right. In the following, unless otherwise stated, we will rely on our so-called "fiducial DSNB model." The latter is defined as the DSNB computed for f BH−SN = 21%, slow BH-SN and LS220 EoS for the CC-SN progenitors, R SN (0) = 1.25 × 10 −4 Mpc −3 yr −1 , and NO. In order to gauge the DSNB variability range, the orange band represents the variation of the fiducial DSNB model due to the local SN rate uncertainty, i.e. R SN (0) ∈ [1.25 − 0.5, 1.25 + 0.5] × 10 −4 Mpc −3 yr −1 . The variability range of the DSNB due to f BH−SN with respect to the fiducial model is shown in blue for f BH−SN = 9, 41%. The maximum variation of the fiducial DSNB model with respect to the CC-SN EoS and BH-SN accretion rate is plotted in brown (for the SFHo EoS for the CC-SN and the fast BH-SN case) 1 and it is larger in the antineutrino channel.
From Eq. 2.2 and Figs. 1 and 2, one can see that the BH-SNe have hotter energy spectra (i.e., higher E ν β ) than the CC-SNe especially at late post-bounce times. This leads to a higher energy tail for F ν β ,BH−SN . In the DSNB, when integrating over all progenitor masses, this feature is most prominent in the case of the slow BH-SNe due to their longer emission period. As a consequence, a larger f BH−SN results in a flatter spectrum and a higher flux at high energies, as also shown in e.g. Refs. [5, 55] . The fact that the brown line (SFHo CC-SN + fast BH-SN) in Fig. 3 gives a lower flux at high energies is primarily due to the short emission period of the fast BH-SN. The green dashed line in Fig. 3 represents the DSNB in IO, andν e 's are mostly sensitive as expected. Note, however, that this trend may change as f BH−SN increases as the relative ratio between the resultant electron and non-electron fluxes in the DSNB changes (see discussion in Sec. 4).
Forecast of the DSNB event rate at future generation neutrino detectors
In this Section, we present the DSNB event rate and the backgrounds in the next-generation neutrino detectors included in our analysis: Hyper-Kamiokande (Gd), JUNO, and DUNE. We will also discuss the optimal energy range for the DSNB detection for each facility. Given current uncertainties on when the detectors will be ready to start taking data, how much active time each of them will have, as well as what will be the final volumes, we choose to work in the best scenario option, where DSNB signal rates in Hyper-Kamiokande (Gd), JUNO, and DUNE were calculated for 20 yrs of data taking each. Differences in their start times and respective efficiencies will have only a small effect on our conclusions.
Hyper-Kamiokande enriched with Gadolinium
Hyper-Kamiokande [28] is an upcoming water Cherenkov neutrino detector to be built in Japan as a successor of the Super-Kamiokande detector. The currently preferred configuration consists of two cylindrical tanks, each of them with 187 kton of fiducial volume. The main detection channel is the inverse beta decay (IBD) process
It is currently under discussion the possibility that the nominal configuration of the detector may be modified by enriching it with Gadolinium sulfate, according to the outcome of the Super-Kamiokande Gadolinium Project currently under development [23, 27] . It is estimated that the addition of 0.1% of GdCl 3 to water will reduce the invisible muon background by a factor of about 5 [28] . Given the improvements due to the Gd enrichment on the DSNB detection [23] , we will assume that this is the case in this manuscript unless otherwise stated. The detector efficiency is therefore = 67% (being 90% the neutron capture efficiency and 74% the event selection efficiency).
The event rate is expected to be 2) with N t = 2.5 × 10 34 the number of targets and σ IBD the IBD cross-section [67] . The residual backgrounds affecting the DSNB are the atmospheric ν e andν e charged current (CC) events coming from the interactions of cosmic rays with the atmosphere, the atmospheric ν µ andν µ giving rise to the so-called Michel spectrum, and 9 2) is marked by the blue band. The background due to atmospheric CC (NC) events is plotted in blue (red), the background due to invisible muons is plotted in green and the one due to 9 Li spallation is shown in magenta. The optimal detection window is between 12 and 24 MeV, assuming full efficiency in removing the NC atmospheric background.
only spallation product with accompanying neutrons. The neutral current (NC) atmospheric events, given by de-excitation γ-rays induced by NC quasi elastic scattering [68] should be an unavoidable background; however, there might be ways to reach a full tagging discrimination [69] . Hence, we will neglect this background in the combined statistical analysis developed in the next Section. The backgrounds in Hyper-Kamiokande (Gd) are implemented according to Refs. [28, 68] . Figure 4 shows the expected DSNB event rate in Hyper-Kamiokande (Gd) in 20 years of data taking. The DSNB variability due to the theoretical uncertainties discussed in the previous Section is marked in blue. The various backgrounds discussed above are represented by the dashed curves. As it is evident from Fig. 4 , assuming that the atmospheric NC background can be neglected, the optimal positron energy range for the DSNB detection is 12-24 MeV. In fact, above 12 MeV one avoids the reactor neutrino background and reduces the influence from 9 Li spallation. The upper bound for the optimal detection window has been chosen so to optimize the significance of the χ 2 test (see Sec. 4); the inclusion of bins with higher energies reduces the outcome of the χ 2 test for most DSNB models. The theoretical uncertainties are larger than the statistical uncertainties, which will allow for parameter estimation as shown in Section 4. Of course, the existing Super-Kamiokande currently enriched with Gd will be also sensitive to the DSNB measurement with their 22.5 ktons fiducial volume [20] , although with less statistics. Since the detector technologies are very similar, we focus our analysis on Hyper-Kamiokande; we note that including Super-Kamiokande to our forecast requires only a straightforward rescaling of our Hyper-Kamiokande rates.
JUNO
The Jiangmen Underground Neutrino Observatory (JUNO) is a 20 kton liquid scintillator detector to be built in Jiangmen, China [29] . The detector should consist of a central tank filled with linear alkylbenzene. The central detector is immersed in a water Cherenkov detector surrounded by a muon tracker in order to reduce the backgrounds, resulting in a fiducial volume of 17 kton (N t = 1.2 × 10 33 ). The event rate is
with varying for the DSNB signal and the backgrounds as from Table 5 -1 of Ref. [29] (see next paragraph).
The backgrounds affecting the DSNB detection are discussed at length in Sec. 5.3 of Ref. [29] . The ones that cannot be avoided are the reactorν e flux that is larger than the DSNB spectrum for E e + < 9 MeV. We therefore set 10 MeV as the minimum observed positron energy. The atmospheric CCν e spectrum cannot be completely tagged, similarly to the NC atmospheric flux. The fast neutrons produced by cosmic muons decaying outside the detector also constitute a background; however, since most of these events should happen near the edge of the detector, this background can be strongly reduced by considering a smaller fiducial volume (17 kton). A significant reduction of the backgrounds can be achieved, if pulse shape discrimination techniques are applied [29] . In this work, we take into account the pulse shape discrimination with an efficiency varying as a function of the background type, as reported in Table 5 -1 of Ref. [29] . Figure 5 shows the expected DSNB event rate to be observed in JUNO for 20 year of data taking. The atmospheric CC and NC backgrounds are plotted in red and blue respectively. The optimal positron energy window for the DSNB detection in JUNO is 10-24 MeV. The lower energy limit is set by the reactor background and the upper limit (24 MeV) has been chosen to maximize the signal over background ratio. Although, JUNO will have less statistics than Hyper-Kamiokande (Gd), see Figs. 4 and 5, it will be sensitive to the DSNB signal in a wider energy range and thus be a valuable tool to examine the DSNB spectral shape and increase the statistics in combined analysis. The statistical uncertainties for JUNO will be of a similar size to the theoretical ones. So, while JUNO will not be able to make strong statements on the DSNB properties itself, it will contribute when combined with the other experiments.
DUNE
The Deep Underground Neutrino Experiment (DUNE) contains a 40 kton Liquid Argon (LAr) detector to be built in South Dakota [32, 70, 71] . The current planning foresees the construction of four individual LAr time projection chambers, each with ∼ 10 kton LAr. In this work, we assume four identical time projection chambers resulting in a 40 kton fiducial volume. The main neutrino detection channel is
The event rate is expected to be 5) with N t = 6.02×10 32 the number of target Argon atoms, and σ Ar the ν-Ar cross-section [72] . DUNE is expected to have a trigger efficiency of about 90% and a reconstruction efficiency of 96% [73, 74] ; hence we assume a detection efficiency = 86%. The backgrounds affecting the DSNB detection in DUNE are still under investigation. We here assume that the backgrounds will be comparable to the ones affecting the DSNB detection in the ICARUS detector [75] . We remind the interested reader to Sec. 4 of Ref. [75] for a detailed discussion on the backgrounds. The ones that cannot be eliminated or tagged are the hep and 8 B solar neutrinos. Since the end tail of the hep flux is at 19 MeV, we consider the DSNB event rate above that energy in our analysis. The atmospheric ν e flux is another irreducible background affecting the high energy tail of the neutrino spectrum. As we will see in the next Section, the atmospheric background sets the maximum neutrino energy up to which the DSNB events are easily distinguishable from the background. Figure 6 shows the expected signal as a function of the neutrino energy. The optimal DSNB detection window in DUNE is between 19 and 29 MeV. The lower limit in this window is determined by the irreducible solar neutrino background which dominates the event rate at E < 19MeV. The upper limit has been picked to be such to maximize the significance of the χ 2 test. Although the DUNE event rate is smaller than the ones expected in HyperKamiokande (Gd) and JUNO (see Figs. 4 and 5), DUNE provides complementary information with respect to the other detectors considered in this work in that it is mainly sensitive to neutrinos, while the other two detectors are sensitive to antineutrinos. Similarly to JUNO, the statistical uncertainties for DUNE will be comparable to the theoretical ones. Note that DUNE will not be able to make strong statements on the DSNB properties itself, but it will contribute when combined with the other experiments.
Detectability prospects
In this Section, we discuss the chances of pinning down the the fraction of BH-SN or the local SN rate, or average information on the BH-SN accretion rate by using the DSNB neutrinos. By minimizing with respect to the other model parameters, a joint statistical analysis of the neutrino event rate from Hyper-Kamiokande (Gd), JUNO, and DUNE is developed. The role of the various detectors in determining such parameters is also outlined. A generalization of this analysis will be presented in the next Section. While the energy spectra in the detectors are roughly linear within the energy regions of interest, we perform a complete statistical analysis by calculating the χ 2 test statistics in each bin for each detector.
Significance test: Fraction of black hole forming supernovae
To estimate the errors expected on the measurement of the astrophysical parameters affecting the DSNB, such as f BH−SN , the χ 2 pull method has been implemented [76] . In order to determine the uncertainty on f BH−SN , we need to minimize over the local SN rate (R SN (0)), the atmospheric flux uncertainty (x), the uncertainty on the cross-section (y), and additionally the nuclear EoS-BH-SN mass accretion rate (z). The statistical analysis has been developed by using a 2 MeV binning of the event rate observed in the various detectors (see Sec. 3). The number of adopted energy bins is 6 in Hyper-Kamiokande in the range 12-24 MeV, 7 in JUNO in the range between 10 and 24 MeV and 5 in DUNE in the range 19-29 MeV, we assume 20 years of data taking for each detector.
The resultant χ 2 is defined as
where 2 where we have assumed that the cross-section uncertainties are negligible except for DUNE: ∆σ LAr = 15% [77, 78] . We have taken the uncertainty on the LAr cross-section, y, to be independent of energy for simplicity. The set of parameters to be marginalized over is A = {f BH−SN , R SN (0), x, y, z} minus the parameter(s) of interest.
For what concerns the last term in Eq. 4.1, the χ 2 is given in terms of a likelihood ratio with Poisson distributions which is necessary since the event rates are 1 for JUNO and DUNE. Then the χ 2 terms for the experiments are given by,
where the sum is over energy bins. The likelihoods are
P i is the probability in the energy bin centered on E i of seeing k events in a Poisson distribution with mean value λ. That is, P i = λ k exp(−λ)/k!. In the case of DUNE, N BG,i = (1 + x)(1 + y)N BG,i and N i = (1 + y)N i (f BH−SN , R SN (0)). One can see that due to its larger statistics, the χ 2 is more constraining for HyperKamiokande (Gd) than for JUNO and DUNE. In all cases, the χ 2 is minimized at the correct value off BH−SN as expected. However, forf BH−SN = 0.09 and 0.21, the χ 2 has another local minimum for Hyper-Kamiokande (Gd) in NO (and similarly for DUNE forf BH−SN = 0.41 and JUNO forf BH−SN = 0.21, 0.41) because of the degeneracy of the DSNB event rate with respect to the BH-SN accretion rate and f BH−SN . However, the local minimum is not present in IO. We refer the reader to Appendix A for details on the degeneracy of the model parameters.
The top panels of a better precision in the determination off BH−SN in IO because the DSNB variations due tō f BH−SN are smaller in NO than in IO (see Fig. 10 which, for the ν e case, would be symmetric with respect to NO and IO). This is also proved by the shape of the χ 2 in Fig. 12 which is more skewed once DUNE is included for the IO case.
Remarkably, we find that forf BH−SN = 0.24 in NO and 0.35 in IO, we are able to exclude f BH−SN = 0 at 90% CL by relying on the joint analysis of the observed DSNB event rates only. Such information will be especially promising if the DSNB constraints will be combined with other measurements off BH−SN coming from electromagnetic surveys.
Significance test: Local supernova rate
In order to constrain the local supernova rate, R SN (0), one needs to proceed as above, but minimizing with respect to the f BH−SN parameter (i.e., substituting f BH−SN ↔ R SN (0) in Eq. 4.1). In this case, we fix the model parameters to our fiducial DSNB model except forf BH−SN ; in fact we assume the experimentally measuredf BH−SN = 0.14 ± 0.2 as from Refs. [15, 16] .
The bottom panels of Fig. 7 show the χ 2 as a function of R SN (0). The χ 2 is mostly skewed and it shows a second local minimum for Hyper-Kamiokande (Gd) but it has a negligible influence on the uncertainty determination than in the case off BH−SN (see Appendix A for details; no degeneracies with respect to the other model parameters appear).
The bottom panel of Fig. 8 shows the 1σ uncertainty in the the determination ofR SN (0) for the NO and IO. The variability range forR SN (0) has been fixed according to the uncertainty reported in Sec. 2.3. A relative error ranging between 33 and 20% is expected asR SN (0) increases. Since no degeneracy with the other model parameters affect the significance test in this case, the relative error decreases asR SN (0) increases.
Given its higher statistics, Hyper-Kamiokande (Gd) dominates the statistical uncertainties on the measurement of the localR SN (0). The bottom panel of Fig. 8 shows the average uncertainty ranges between 25 and 35% according to the value ofR SN (0) and it slightly decreases asR SN (0) increases. The addition of JUNO and DUNE improves the uncertainty ∆R SN (0) by about 5% with respect to the case where Hyper-Kamiokande (Gd) is considered alone. In particular, DUNE allows to pin down the localR SN (0) with higher precision in NO. This can be understood by looking at the shape of the χ 2 in Fig. 14 which is sensibly more skewed once DUNE is included for the NO case.
Significance test: Average nuclear equation of state and mass accretion rate for failed progenitors
Although, we could not explore the full parameter space given the lack of input SN models, in this Section we discuss whether the DSNB will show any statistical sensitivity to the average EoS and BH-SN mass accretion rate. We work under the assumption that the majority of the SN progenitors is well represented by our input SN progenitors.
Here we have focused on the LS220 and SFHo EoSs only, under the assumption that they provide a reasonable estimation of the breadth of the EoS parameter space as representative cases for soft and stiff EoSs, see e.g. Ref. [79] for a recent review on the topic. We estimate the DSNB sensitivity to the EoS. Since the neutrino properties do not differ much for the LS220 and SFHo EoS cases as shown in Fig. 1 , we find that the DSNB does not show any sensitivity to the CC-SN EoS (see also Fig. 11 forf BH−SN = 0). Figure 2 shows that the neutrino signal of the BH-SN progenitors is strongly dependent on the mass accretion rate and this could in turn affect the DSNB event rate. In order to explore the sensitivity of the DSNB to the BH-SN accretion rate, we calculated the ∆χ 2 for both mass orderings and for differentf BH−SN by minimizing over the remaining parameters in the same fashion as above. The largest ∆χ 2 found is 1.8 (5.2) in NO which corresponds to a 1.3σ (2.3σ) preference forf BH−SN = 0.21 (0.41). This is not enough to distinguish between the "fast" and "slow" BH-SN models, assuming that they are representative of the majority of the BH-SN population. For most of the parameter space ∆χ 2 < 1 and there is no sensitivity to discriminate. 
Pinpointing the astrophysical unknowns through the DSNB
In the former Section, we have calculated the 1D χ 2 projections for R SN (0), f BH−SN , and the average EoS-BH-SN accretion rate. In this Section, we will generalize the significance test, by quantifying the uncertainties and by investigating the chances of learning aboutR SN (0) andf BH−SN simultaneously. The top panels of Fig. 9 show a contour plot of the χ 2 for 2 d.o.f. in the f BH−SN -R SN (0) plane in the NO on the left and IO on the right. The model parameters corresponding to the fiducial DSNB model are marked with a star in the plot and the three contours indicate the 1, 2, and 3σ confidence levels, respectively, for 2 d.o.f. The irregular contours, especially visible in the top upper panel, reflect the multiple local minima in the χ 2 (see Appendix A and Sec. 4).
Moderate precision in the determination of the model parameters can be achieved in the IO as it is also clear from Fig. 8 (see Sec. 4.1). One can see that, given the degeneracies among the model parameters, larger values of R SN (0) or f BH−SN do not directly imply an improved precision in the measurement of these unknowns through the DSNB only (see e.g. the shape of the contours in the top left panel). Note that for larger values off BH−SN one should expect a parameter space constrained more tightly (see Fig. 15 in Appendix A).
For the sake of completeness, the panels on the bottom of Fig. 9 have been obtained relaxing the assumption that the NC atmospheric background in Hyper-Kamiokande (Gd) is negligible. As expected, given the lower signal to background ratio, the determination of the physical parameters is more uncertain.
We worked under the assumption that the neutrino mass ordering will have been determined by terrestrial neutrino experiments at the time of the DSNB detection. However, as shown in this Section, the DSNB is strongly affected by the mass ordering and the DSNB. At f BH−SN = 0.21 the mass ordering cannot be determined since ∆χ 2 = 0.31, while at f BH−SN = 0.41 there will be weak discriminating power at the 1.3 σ (∆χ 2 = 1.8) level. The DSNB could then still provide an independent hint on this unknown that should be compared with more precise measurements from terrestrial experiments whose current discriminating power between NO and IO is of about 3 σ [80].
Conclusions
The diffuse supernova neutrino background (DSNB) represents the cumulative flux of neutrinos emitted from all core-collapse supernovae exploding throughout the Universe. With the advent of the next-generation large scale neutrino detectors, we will be able to not only detect the DSNB, but measure it and indirectly constrain the astrophysical unknowns of the core-collapse population.
In this work, we forecast the expected DSNB signal for standard core-collapse and black hole forming supernova progenitors, by adopting state-of-the-art inputs for the modeling of the neutrino emission properties. A variability range for the DSNB signal is considered according to the uncertainty on the local supernova rate (R SN (0)), the dependence of the signal on the average nuclear equation of state and the mass accretion rate for the black hole formation, as well as the fraction of the supernova progenitors forming black holes (f BH−SN ).
The event rate is then forecasted in the upcoming water Cherenkov detector HyperKamiokande enriched with Gadolinium, the liquid scintillator detector JUNO, and the liquid Argon detector DUNE. Given the different technologies, these detectors will provide complementary information on the fundamental DSNB properties. For the first time, we have developed a joint statistical analysis to investigate the capability of determining the astrophysical parameters affecting the DSNB such as the local supernova rate, the fraction of supernovae further evolving into black holes, and the eventual DSNB sensitivity to the massaccretion rate of the failed progenitors.
Under the assumption that the neutrino mass ordering will be independently established, the determination of the supernova unknowns through the DSNB will be heavily driven by Hyper-Kamiokande (Gd) given its higher expected event rate. In particular, a fully efficient tagging of the atmospheric neutral current background in Hyper-Kamiokande will be instrumental to a better determination of the allowed f BH−SN -R SN (0) parameter space. JUNO will be sensitive to the DSNB signal over the largest energy window, allowing a better determination of the spectral features. In combination with Hyper-Kamiokande (Gd), it will allow an improvement in the determination of the model parameters given the higher combined event rate. Although DUNE will have less statistics, the fact that it is sensitive to the neutrino channel, and therefore complementary to Hyper-Kamiokande (Gd) and JUNO, will help in reducing the parameters uncertainties, especially on f BH−SN .
According to the fraction of the black hole forming progenitors, the DSNB event rate may however show degeneracies among the model parameters especially if the neutrino mass ordering is normal. However, for 20 years of data taking, we should be able to pinpoint the local supernova rate with a relative error ∼ 20 − 33%. Remarkably, we will be able to rule out a null fraction of failed supernovae at 90% CL by using the DSNB event rates only, if at least O(20%) supernovae form black holes. The uncertainty in the fraction of supernovae that form black holes can be as large as ∼ 0.4 in normal mass ordering for f BH−SN 0.25 due to the degeneracies existing among the DSNB model parameters, but it will be 0.25 otherwise. The DSNB shows extremely poor or no sensitivity to the nuclear equation of state and to the mass accretion rate of the failed progenitors, assuming that the majority of them exhibits a comparable behavior.
Our findings suggest a great potential of the DSNB in pinning down the local supernova rate and the fraction of supernovae forming black holes, despite the degeneracies among the DSNB model parameters. These encouraging results will be further strengthened once combined with electromagnetic and gravitational wave data from upcoming surveys, shedding light on the global unknowns of the core-collapse supernova population.
A Test statistics for the determination of the fraction of failed supernovae and the local supernova rate
In this Appendix, we discuss the details of the test statistic analysis presented in Secs. 4 and 5. In particular, we will focus on the χ 2 analysis for the determination of the fraction of BH-SN and the local SN rate and motivate our results. The DSNB shows a degeneracy between the CC-SN EoS -BH-SN mass accretion rate and f BH−SN as visible in Fig. 10 ; such a degeneracy is dependent on the mass ordering. In fact, as f BH−SN increases, the DSNB curves obtained by assuming the SFHo EoS for the CC-SN models + the fast BH-SN models and the LS220 EoS for CC-SN + the slow BH-SN models cross, creating a degeneracy between these model parameters in the statistical analysis presented in Secs. 4 and 5. The crossing happens at ∼ 10 MeV (15 MeV) in NO and ∼ 15 MeV (20 MeV) in IO for the LS220+slow (SFHo+fast) cases.
As a consequence of the degeneracy among the DSNB model parameters, and its dependence on the mass ordering, the expected trend that the number of expected events increases as f BH−SN increases (see Fig. 10 ) does not hold in IO for the SFHo CC-SN +fast BH-SN cases. This is clearly shown in Fig. 11 where we report the expected number of events in Hyper-Kamiokande enriched with Gd in NO (on the left) and in IO (on the right) within the selected detection region (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The event rate for LS220 CC-SN EoS +slow BH-SN is shown in blue and the one for SFHo CC-SN EoS + fast BH-SN is plotted in magenta. The bands refer to the uncertainties on the local supernova rate. One can clearly see that the same event rate (and a similar DSNB signal as a function of the energy) can be obtained for different values of the model parameters. This indicates that without precise measurement ofR SN (0) from other channels than neutrinos, it will be impossible to determinef BH−SN .
In the light of the degeneracy among the model parameters and in order to better motivate the shape with two local minima in the χ 2 in Fig. 7, Fig. 12 shows the χ 2 dependence as a function of f BH−SN in NO (solid lines) and IO (dashed lines) for the LS220 EoS for CC-SN + slow SN-BH and the SFHo EoS for CC-SN + fast SN-BH cases in the left and middle columns respectively 3 ). The resultant χ 2 with minimization with respect to the CC-SN EoS and BH-SN mass accretion rate (z) is shown in the right column. One can see that in NO the second local minimum appearing in the combined χ 2 is determined by the dependence of the χ 2 on the EoS CC-SN + BH-SN accretion rate as a function of f BH−SN . However, the second minimum does not appear in IO. Figure 13 shows the correspondent 2D χ 2 analysis in the (f BH−SN , R SN ) plane for NO (top panels) and IO (bottom panels) and for LS220 +slow EoS (left panels), SFHo+fast EoS (middle panels), and marginalized with respect to z (right panels). The irregular shapes appearing in the 1σ contours for the χ 2 statistics minimized with respect to z (right panels) are due to the different dependencies of the allowed regions as a function of z (see left and middle panels). CC-SN + fast SN-BH cases in the left and middle columns respectively and marginalized with respect to z on the right. The second local minimum in the χ 2 is not pronounced as in the case of Fig. 12 and therefore it negligibly affects the shape of the χ 2 in the plots on the right column. Figure 15 shows the contour plot of the local R SN (0) as a function of f BH−SN for the DSNB fiducial model andf BH−SN = 9% on the top andf BH−SN = 41% on the bottom. Comparing this figure with Fig. 9 , one can see that asf BH−SN increases the constrained parameter space shrinks as the DSNB even rate increases. . Contour plot of the allowed χ 2 in the (f BH−SN , R SN ) plane for NO (top panels) and IO (bottom panels) and for LS220 +slow EoS (left panels) and SFHo+fast EoS (middle panels), and minimized with respect to z (right panels). The irregular contours appearing in the panels on the right are a direct consequence of the minimization with respect to z and the degeneracies of the model parameters. 
